HIV infection leads to decreases in the number of CD4 + T lymphocytes and an increased risk for opportunistic infections and neoplasms. The administration of intermittent cycles of IL-2 to HIV-infected patients can lead to profound increases (often greater than 100%) in CD4 cell number and percentage. Using in vivo labeling with 2 H-glucose and BrdU, we have been able to demonstrate that, although therapy with IL-2 leads to high levels of proliferation of CD4 as well as CD8 lymphocytes, it is a remarkable preferential increase in survival of CD4 cells (with half-lives that can exceed 3 years) that is critical to the sustained expansion of these cells. This increased survival was time-dependent: the median half-life, as determined by semiempirical modeling, of labeled CD4 cells in 6 patients increased from 1.7 weeks following an early IL-2 cycle to 28.7 weeks following a later cycle, while CD8 cells showed no change in the median half-life. Examination of lymphocyte subsets demonstrated that phenotypically naive (CD27 + CD45RO -) as well as central memory (CD27 + CD45RO + ) CD4 cells were preferentially expanded, suggesting that IL-2 can help maintain cells important for host defense against new antigens as well as for long-term memory to opportunistic pathogens. 
Introduction
Multiple randomized trials have demonstrated that the administration of intermittent cycles of IL-2 to HIV-infected patients can lead to profound, sustained increases (often greater than 100%) in CD4 cell number and percentage (1) (2) (3) . After 3 to 6 five-day cycles of IL-2 administered every 2 months, CD4 cell numbers may remain elevated for years without additional cycles. While this therapy causes marked changes in CD4 numbers, only minimal changes are seen in CD8 or NK cell numbers (1) . The CD4 increases are preferentially in cells of a naive phenotype (4) (5) (6) .
The mechanisms leading to these increases have remained obscure. Ex vivo studies have documented increases in proliferation and death of CD8 as well as CD4 cells during an IL-2 cycle, suggesting that while increased proliferation may play a role, proliferation alone does not explain the preferential expansion of CD4 relative to CD8 cells (4, 7) . Quantitation of T cell receptor excision circles and examination of thymic scans before and after administration of IL-2 suggest that thymic output does not play a major role (7, 8) .
Recently, techniques to study cell turnover in vivo using deuterium or BrdU to label proliferating cells have been developed and used to examine lymphocyte turnover in HIV-infected patients before and after highly active antiretroviral therapy (9) (10) (11) . In the current study, we used these methods to demonstrate a profound effect of intermittent IL-2 therapy on lymphocyte turnover that is characterized by an increase in proliferation during therapy, followed by a remarkable increase in survival, primarily of CD4 cells, after completion of therapy.
Results
Intermittent IL-2 therapy can substantially and preferentially increase CD4 cell numbers for prolonged periods, maintaining CD4 counts above baseline for over 10 years in some instances ( Figure  1 ). In order to examine the effects of IL-2 on lymphocyte proliferation, a 5-day infusion of 2 H-glucose was administered to 8 healthy controls, 9 patients with HIV infection, and 18 patients with HIV infection receiving IL-2, and enrichment of 2 H-deoxyadenosine in the genomic DNA of CD4 and CD8 cells was determined. Patient characteristics are shown in Table 1 . IL-2 therapy was associated with a marked increase in 2 H-deoxyadenosine incorporation and thus in proliferation of both CD4 and CD8 cells (Figure 2A ). Peak CD4 + T cell labeling increased approximately 7- to 18-fold during IL-2 administration (44% [range, 25-81%] ; n = 18) compared with that in HIV-infected volunteers not receiving IL-2 (6% [range, 4-11%] ; n = 9; P < 0.001) or HIV -volunteers (2.5% [range, 0.9-5%]; n = 8; P < 0.001). Similarly, peak CD8 labeling was approximately 6- to 12-fold higher for the IL-2 group (29% [range, 13-58%] vs. 5% [range, 2-12%] and vs. 2.6% [range, 0.9-9%]; P < 0.001 for both com-parisons). CD4 labeling was consistently and significantly higher (P < 0.004) than CD8 labeling in patients receiving IL-2. This difference between CD4 and CD8 labeling was less pronounced and not significant in the control groups (P = 0.07 for HIV + ; P = 0.5 for HIV -). Thus, IL-2 substantially increases in vivo production of both CD4 and CD8 cells, with greater increases for CD4 cells.
To examine the long-term effects of IL-2 on lymphocyte survival, 2 long-term (6-7 years) responders to IL-2 therapy received a 5-day infusion of 2 H-glucose with their 7th and 17th IL-2 cycles, respectively ( Figure 1 , patients 1 and 2). Both showed high peak labeling of CD4 and CD8 cells: 64% and 56% for CD4 cells, and 56% and 27% for CD8 cells ( Figure 2C , patients 1 and 2). Decay of 2 H-adenosine-labeled DNA, monitored over a 2- to 3-year period, was surprisingly slow for CD4 cells. The calculated half-lives of CD4 cells for these 2 patients, based solely on the decay slopes (using a log scale), were 3.4 years and 3.2 years, respectively. Similar calculations for the half-life for healthy controls (e.g., Figure 2B , patient 30) and for HIV-infected patients not receiving IL-2 (e.g., Figure 2B , patients 20 and 22) were 8 weeks (median; range, 3-20 weeks) and 7 weeks (range, 3-14 weeks). While a more rapid loss of label was seen in CD8 cells compared with CD4 cells, the half-lives of CD8 cells in the 2 patients receiving IL-2 were also prolonged at 1.2 and 0.9 years, respectively, versus 7 weeks (range, 4-9 weeks) and 7 weeks (range, 4-13 weeks) for controls. In both patients the labeling of lymph node CD4 and CD8 cells obtained 3 months after labeling was similar to that of peripheral blood cells ( Figure  2C , patients 1 and 2) and considerably higher than that previously reported in HIV + patients not receiving IL-2 (9) .
Given these results, we extended the studies to include a patient who had not shown an increase in CD4 cell numbers with IL-2 (Figure 2C , patient 4) and 9 patients who had recently begun IL-2 therapy. In the patient who did not show an increase in CD4 cell numbers in response to IL-2 despite 22 cycles (but elected to continue IL-2 therapy to potentially maintain a stable CD4 count), peak labeling of CD4 cells was similar to that in other IL-2 recipients at 38%, but decay of label was more rapid, with a half-life of 11 weeks.
More rapid decay kinetics responses were also seen in the 9 patients during an early (first or second) IL-2 cycle compared with those studied during a later cycle. These results suggest that repeat cycles of IL-2 are necessary to prolong survival of CD4 cells. To examine this directly, 6 patients who had deuterium labeling during an early cycle received a second deuterium infusion (and 1 patient received a third infusion) with a later IL-2 cycle (Figure 3 ). While peak labeling was similar for the 2 cycles, in 5 of 6 patients, the decay of label of CD4 cells was slower with the later cycle; there was no difference between cycles 1 and 3 in patient 10 ( Figure 3A) . In contrast, CD8 cells did not appear to show a change in the decay of label as a function of cycle number ( Figure 3C ).
Given that linear regression provided a poor fit to the data, a semiempirical model based on a modification of an earlier model (11) was developed to describe the labeled cell decay kinetics. This current model is based on the concept that a distribution of different decay rate constants exists that can be described by a limited number of parameters. We tested several standard distributions and found that the distribution that best fit the experimental data was a log-normal distribution characterized by 3 parameters: m d , mean log decay rate constant (log d); σ d , standard deviation of log d; and S, total source, which correlates with the number of proliferating cells. Figure 2C illustrates the fitting of the data to the model, and Figure 2D the probability density function of the normal distribution of log d for the same patients. In the latter, the location on the x axis of the peak of the curve represents the average (log-transformed) decay constant for the entire population of labeled cells, the splay of the curve (which is a function of the standard deviation) represents the homogeneity of the population with regard to decay constants (less homogeneous populations have a wider splay), and the area under the curve (which is a function of S) correlates with the number of proliferating cells. A shift to the left of the peak of the curve represents a slower decay.
In comparing these parameters for HIV -versus HIV + patients not receiving IL-2, we found a significant difference in S for both CD4 (P = 0.04) and CD8 (P = 0.02) cells, and a difference in m d for CD4 cells only (P = 0.03; Table 2 ). Significant differences were seen in S for both CD4 (P < 0.001) and CD8 cells (P < 0.001) and in m d for CD4 (P < 0.001), but not CD8, cells when HIV-infected patients receiving IL-2 (at least 3 cycles) were compared with those not receiving IL-2 (Table 2) . Thus, more CD4 and CD8 cells proliferated during IL-2 therapy, and, for the group as a whole, the CD4, but not the CD8, cells that proliferated survived longer in patients receiving multiple cycles of IL-2 therapy compared with controls.
When early (second or earlier) and late (third or later) IL-2 cycles were compared, proliferation was similar, but CD4 cells showed a significantly slower decay (P = 0.04) after late IL-2 cycles whereas CD8 cells showed no difference (Table 2) . Similar results for m d were seen when the 6 patients who received deuterium infusions during an early as well as a later IL-2 cycle were examined (P = 0.01 for CD4 cells, and P = 0.41 for CD8 cells; Table 2 and Figure 3 , A-D). This slower decay led to a longer half-life for the CD4 cell pool following later cycles of IL-2: the median half-life of labeled CD4 cells (calculated from the mean decay rate constants) for the 15 patients with labeling during cycles 3-28 (Table 2 ) was approximately 37.6 weeks, while the comparable half-life for CD8 cells was 7.9 weeks.
In vivo BrdU labeling confirmed the 2 H-glucose labeling studies. BrdU labeling was used in 4 patients receiving IL-2 to allow better phenotypic characterization of proliferating cells (11) . Since BrdU is administered by a 30-minute infusion and has a plasma half-life of less than 10 minutes (J.A. Kovacs, unpublished observations), it allows one to perform the equivalent of a pulse-chase experiment. Mean peak labeling of 24% and 18% was seen for CD4 and CD8 cells, respectively, after a 30-minute pulse. As in the 2 H-glucose studies, these values are 5- to 10-fold higher than those seen in studies of HIV-infected patients not receiving IL-2 (11). In addition, the 2 patients receiving BrdU during an earlier cycle of IL-2 (first and third cycles) showed a more rapid decay of label in CD4 cells than the 2 patients receiving BrdU Multiparameter flow cytometry in combination with in vivo BrdU labeling allowed for a more detailed analysis of the proliferating cells during IL-2 therapy. In 2 long-term responders (patients 1 and 19), both naive and memory CD4 cells (defined by CD45RO alone) proliferated to similar levels in response to IL-2; however, the label in memory cells decayed more rapidly, suggesting that a primary mechanism leading to the preferential expansion of naive cells is preferential survival (data not shown). When CD27 expression was used to subdivide the memory cells into central memory Deuterium incorporation by CD4 and CD8 cells. (A) Mean peak deuterium incorporation was significantly higher in HIV-infected patients receiving IL-2 (n = 18) for both CD4 and CD8 cell populations when compared with HIV-uninfected controls (n = 8) and HIV-infected patients who did not receive IL-2 (n = 9) (P < 0.001 for all comparisons, Student's t test). Error bars represent the standard deviation. (B and C) Deuterium labeling kinetics in 2 HIV-infected patients who did not receive IL-2 (patients 20 and 22, Table 1 ) and an HIV -volunteer (patient 30) (B) and in 3 HIV-infected patients who were long-term participants in intermittent IL-2 studies (patients 1, 2, and 4) (C). Patients 1 and 2 were long-term responders (see Figure 1 and Table 1 (CD27 + CD45RO + ) and effector memory pools (CD27 -CD45RO + and CD27 -CD45RO -) (12), the mean log decay of the central memory pool (-1.10) was similar to that of naive cells (-1.58) ( Figure  4C ). Effector memory cells exhibited a more rapid decay (mean log decay, 0.69 and 2.32, respectively).
Given these labeling results, we sought to determine whether long-term increases in the central memory pools occurred during intermittent IL-2 therapy. The percentage and number of naive, central memory, and effector memory cells were determined for 21 patients participating in a randomized trial of intermittent IL-2 therapy (13). Consistent with the labeling studies, a significantly greater increase in central memory CD4 cells was seen at 6 months (P < 0.001; Table 3 ) and 12 months (P = 0.006) in patients receiving IL-2 than in controls.
The prolonged survival of CD4 cells observed in this study could result either from an increase in the proportion of cells within a subset that has a longer survival (e.g., naive cells) with no change in the decay kinetics of that subset, or, alternatively, from an increase in survival (slower decay) of cells within a given subset, or a combination of the two. As noted above and in Table 3 , IL-2 does lead to an increase in the proportion of longer-lived naive cells. To determine whether there was also a change in decay kinetics, CD4 and CD8 cells obtained from patients 3, 5, and 6 after both early and late IL-2 cycles were separately sorted into naive (CD27 + CD45RO -), central memory (CD27 + CD45RO + ), and effector memory cells (CD27 -CD45RO + for CD4 cells, and CD27 -CD45RO + and CD27 -CD45RO -for CD8 cells), and deuterium incorporation was determined for each subset. A similar analysis was performed for patients 1 and 2 following labeling after the single late IL-2 cycle. As illustrated in Figure 5 , for patients 3, 5, and 6 there was a significant difference in the decay constants between the early and late cycles for naive CD4 cells (-1.33 vs. -2.70; P = 0.039), but not for any of the other subsets. Patients 1 and 2 similarly showed a very slow decay in the naive subpopulation ( Figure 5) , with decay constants of -2.72 and -3.52, respectively.
Discussion
Using 2 independent in vivo labeling techniques, these studies have identified 2 mechanisms that contribute to the CD4 count increases seen in HIV-infected patients receiving intermittent IL-2 therapy. First, during IL-2 administration there is a dramatic increase in proliferation of both CD4 and CD8 cells, with a peak proliferation of CD4 cells that is significantly greater than that of CD8 cells. Second, the CD4 cells that proliferate during IL-2 administration have a profoundly prolonged survival. While the increased proliferation is probably necessary for the IL-2-induced CD4 count increases, it is not sufficient, since increased proliferation is also seen in nonresponding patients. Thus, the most critical effect in determining long-term CD4 cell increases in patients receiving intermittent IL-2 appears to be the increase in cell survival. The effects on survival were variable but could be quite remarkable, with CD4 half-lives of greater than 3 years for 2 patients. In support of our findings is a long-term decrease in Ki67 positivity in CD4 cells following IL-2 therapy (14). It is noteworthy that multiple IL-2 cycles appear to be necessary for these effects on survival to be seen. The mechanism for this time-dependent effect is uncertain but may be related to an incremental increase in longevity with each subsequent round of IL-2-induced proliferation. We are currently exploring the biologic mechanisms leading to an increase in survival of CD4 cells. While immediate upregulation of Bcl-2 expression has been reported in some patients receiving IL-2 (15), this may not explain the long-term effects that are seen.
IL-2 leads to a preferential increase in phenotypically naive CD4 cells, which likely results from an increase in peripheral expansion rather than an increase in thymic output (4-7). In 2 patients who received IL-2, high BrdU labeling of CD4 cells in lymph nodes (4% and 19%) was seen within 12 hours of BrdU administration. These data provide strong evidence in support of the hypothesis that peripheral expansion is the source of those cells. Consistent with this conclusion are the observations that thymic scans do not show an increase in size following IL-2, and that levels of T cell receptor excision circles in naive CD4 cells decrease in patients receiving IL-2 (7, 8) .
The source of the IL-2-expanded cells thus appears to be preexisting CD4 cells. Based on these studies we cannot determine whether IL-2 has induced phenotypic changes in the expanded cells or has led to an expansion of select subsets without altering their phenotype. Work is underway to distinguish between these possibilities. While there is a preferential increase in naive cells, the increase in survival of CD4 cells is not exclusively a result of this preferential expansion of naive cells relative to memory cells, given the results noted in examination of purified subsets: among CD4 but not CD8 cells there was a significantly slower decay of deuterium-labeled naive cells with later IL-2 cycles compared with early cycles. While we cannot exclude the possibility that a subset of naive cells with a longer survival has been preferentially expanded, these data support the concept that IL-2 is directly increasing the survival of naive cells.
Although IL-2 leads to an expansion of naive CD4 cells in preference to memory CD4 cells, both populations in fact increase (4) . When the kinetics of memory subpopulations were examined based on staining with CD27, CD45RA, and BrdU, the central memory pool (CD27 + CD45RO + ) had a prolonged survival compared with effector memory pools. These data suggest that, in addition to the effects on naive CD4 cells, IL-2 differentially affects subpopulations of CD4 memory cells, leading to a preferential expansion of the central memory relative to the effector pool. Such a preferential expansion was demonstrated in IL-2 recipients participating in a randomized trial. While a significant change in decay constants for central memory cells was not seen with the deuterium labeling, this may be a result of the small number of patients (n = 3) in whom the decay of naive and memory cells was examined. Since the central memory cells appear to be primarily responsible for surveillance and reinitiation of immune responses against pathogens previously controlled by the host (12, 16) , and since the majority of opportunistic infections seen in HIV-infected patients are caused by pathogens to which the host has previously been exposed, expansion of this pool of lymphocytes should potentially facilitate future control of these opportunistic infections. Similarly, these findings may account for the improved response to vaccination with a recall antigen seen in a recent study (17) . However, based on these data, patients receiving IL-2 would not be expected to have improved immune function against pathogens causing active disease. These findings are consistent with a recent study that examined changes in CD4 and CD8 cell number and function in mice infected with lymphocytic choriomeningitis virus (LCMV). Administration of a single 7-day course of IL-2 at doses similar, on a weight basis, to those used in the current studies demonstrated no beneficial effects during the effector phase of LCMV infection, but beneficial effects were seen during the T cell contraction phase and stable memory phase. Furthermore, preferential survival of CD4 relative to CD8 cells was seen, and decreased apoptosis was seen compared with that in controls (18) .
Figure 4
Our findings are also consistent with the clinical observations that IL-2's effects on disease progression are only apparent in long-term follow-up (19). The 2 phase III studies currently under way are designed to test this hypothesis and thus to determine the clinical efficacy of IL-2 (13, 20) .
Methods

Patients. HIV-infected patients with no major clinical or laboratory abnor-
malities who were receiving intermittent IL-2 as a part of multiple ongoing studies to examine the potential role of IL-2 in the management of HIV infection were eligible for the study. Patients who were pregnant or breastfeeding, or (for BrdU) receiving 5-fluorouracil, were excluded from participation. All patients received approved antiretroviral drugs during IL-2 therapy. The specific regimen was determined by the patient and referring physician with input from the study team. Controls included HIV-infected patients who had never received IL-2 as well as healthy volunteers without HIV infection. 2 H-glucose (Sigma-Aldrich or Cambridge Isotope Laboratories Inc.) was administered by continuous i.v. infusion over 5 days at a dose of 60 g per day. For patients receiving IL-2, the infusion began on the third day of IL-2 therapy and continued for 2 days after completion of the IL-2 cycle. Subjects underwent a 1- to 2-pass lymphapheresis to obtain cells for subsequent purification. BrdU was administered at a dose of 200 mg/m 2 given i.v. by a 30-minute infusion, approximately 2 hours after the last IL-2 dose. All protocols were approved by the Institutional Review Board of the National Institute of Allergy and Infectious Diseases, and all patients provided written informed consent.
Laboratory studies. Determination of lymphocyte subsets and surface markers was performed as previously described (21, 22) . In vivo labeling with BrdU and flow cytometric analysis of proliferating cells were performed as previously reported (11) . In individual experiments, antibodies against either CD45RA or CD45RO were used to define naive and memory cells; for consistency, we report the results as CD45RO + (approximately equivalent to CD45RA -) or CD45RO -(approximately equivalent to CD45RA + ). Plasma HIV levels were measured using the VERSANT HIV-1 RNA 3.0 Assay (Bayer HealthCare AG).
To determine deuterium incorporation, peripheral blood CD4 + T cells and CD8 + T cells were isolated by fluorescence-activated cell sorting, using an EPICS ALTRA flow cytometer (Beckman Coulter Inc.) or BD FACSVantage SE FACSDiVa (BD Biosciences), to greater than 99.0% purity. For analysis of naive and memory CD4 + T cells, PBMCs were enriched for CD4 + T cells by removal of monocytes and CD8 + lymphocytes using anti-CD14- and anti-CD8-coated magnetic beads (Dynal Biotech). The CD8 + lymphocytes removed in this step were used later to sort for the CD8 + memory and naive subsets. The remaining lymphocytes were then stained according to the manufacturer's instructions with the mAbs CD27-FITC (BD Biosciences), CD45RO-PE (BD Biosciences), and CD4-PC5 (Beckman Coulter Inc.). Sorting was performed using an amorphous forward light scatter and 90° light scatter gate and rectilinear gates on CD27 + CD45RO -CD4 + (naive), CD27 + CD45RO + CD4 + (central memory), and CD27 -CD45RO + CD4 + (effector memory) cells; subset purity was determined by flow cytometry to be greater than 98.0%. For CD4 cells, there were too few CD27 -CD45RO -cells for analysis. For isolation of naive and memory CD8 + T cells, the CD8 + lymphocytes removed by bead separation were treated with DETACHaBEAD (Dynal Biotech) to remove the attached magnetic beads. The CD8 + lymphocytes were then stained with the mAbs CD27-FITC, CD45RO-PE, and CD8-PC5 (Beckman Coulter Inc.). Sorting was performed as above with rectilinear gates on CD27 + CD45RO -CD8 + (naive), CD27 + CD45RO + CD8 + (central memory), CD27 -CD45RO + CD8 + (effector memory), and CD27 -CD45RO -CD8 + (effector memory) cells; subset purity was determined to be greater than 98.0%.
Quantitation of 2 H-glucose enrichment in serum and 2 H-deoxyadenosine enrichment in genomic DNA. Glucose was extracted from serum with methanol and converted to the aldonitrile penta-acetate derivatives of glucose (217 massto-charge ratio [m/z]) and 2 H-glucose (219 m/z) for gas chromatography/ mass spectrometry spectral analysis using an HP 5890 gas chromatograph (Hewlett-Packard Co.) interfaced to an HP 5971 mass selective detector (Hewlett-Packard Co.) (23) . Sample enrichments were calculated by comparison with standard curves prepared from 2 H-glucose. Genomic DNA was hydrolyzed to mono-deoxyribonucleosides with deoxyribonuclease I, phosphodiesterase I, and bacterial alkaline phosphatase, desalted using Oasis HLB 96-well extraction plate (Waters Corp.), and either converted to the permethylated derivatives of deoxyadenosine (292 m/z) and 2 H-deoxyadenosine (294 m/z) for gas chromatography/mass spectrometry analysis or analyzed directly by liquid chromatography/mass spectrometry as described in ref. 24 . Sample enrichments were calculated by comparison with standard curves prepared from 2 H-deoxyadenosine.
To determine the amount of new DNA that was synthesized, the experimentally determined percentage of 2 H-deoxyadenosine enrichment was corrected as previously described (9) to account for the following factors: (a) the maximum labeling of freshly obtained lymphocytes cultured in vitro in the presence of 100% 2 H-glucose, which was approximately 60%; and (b) the level of enrichment of 2 H-glucose in the serum, typically about 20% to 30%.
Modeling and statistical analysis. Initially, decay constants were estimated by linear regression of log-transformed data for the first 120 days after the labeling; for the 2 longterm responders, decay estimates were based on all available data. Because linear regression provided a relatively poor fit to the actual data, we developed a semiempirical model to better describe the kinetics and estimate decay constants. We have previously developed a model of the dynamics of T cells in blood labeled with BrdU that was fitted to experimental data for HIV-infected patients with relatively stable levels of plasma HIV concentrations (11) . According to this model, the fraction of labeled cells L in each cell subpopulation with turnover rate constant d (wk -1 ) and source of labeled cells s (wk -1 ) can be calculated as dL/dt = sU -dL, where U is a unit function dependent on the time T required to reach the maximum value of L:
Equation 1
We have previously found that at least 2 or more (likely 3 or more) dynamically distinct cell subpopulations contribute to the T cell dynamics (11) . The individual variation of the rate constants among patients was relatively large, thus further suggesting the existence of many cell subpopulations. To account for the diversity of cell dynamic constants, we have extended our previous analysis, assuming that the rate of turnover d is continuously distributed with a probability density function F(d,α), where α is a vector of parameters. Thus, the source si of cells with turnover rate constants in the interval [Di-1,Di] can be calculated as:
Equation 2
where S is the total source of all labeled cells. The total population of labeled cells can be subdivided into I subpopulations with sources si (i = 1, . . . , I) and rates of turnover di (i = 1, . . . , I) where di = (Di-1 + Di)/2. Then the dynamics of the ith labeled cell subpopulation Li with parameters
Figure 5
Deuterium labeling kinetics in naive (CD27 + CD45RO -) cells in patients receiving IL-2. The left panels show the measured data (symbols) and the fitting by the model equations (solid lines) for patients 3, 5, and 6 following an early cycle (blue) and a later cycle (red), and for patients 1 and 2 following the single late IL-2 cycle; the right panels show the probability density function of the normal distribution of log d multiplied by the total source of labeled cells (S). Mean log decay md values for these data are (early/late): -1.16/-2.52, -1.35/-2.61, and -1.49/-2.14 for patients 3, 5, and 6, respectively (P = 0.039 for early vs. late, Student's t test), and -2.72 and -3.52 for patients 1 and 2, respectively. No significant change was seen in the mean log decay md for the other CD4 subsets or for any of the CD8 subsets for patients 3, 5, and 6. Average values for mean log decay md for these subsets were as follows (early/late): CD4 central memory (CD27 + CD45RO + ), -0.54/-0.70; CD4 effector memory (CD27 -CD45RO + ), -0.59/-0.74; CD8 naive (CD27 + CD45RO -), -1.00/-1.90; CD8 central memory (CD27 + CD45RO + ), -0.82/-1.26; CD8 effector memory (CD27 -CD45RO + ), -0.19/-0.36; CD8 effector memory (CD27 -CD45RO -), -1.02/-1.13.
si and di can be calculated using the equations shown above but applying them to each subpopulation. The total fraction of labeled cells L is equal to the sum of all Li: L = L1 + . . . + LI.
We tested several standard distributions and found that the best fit for all patients was given by the log-normal distribution of the turnover rates with mean md and standard deviation σd. The interval of mean log decay rate constants [D0,DI] = [md - 3σd,md + 3σd] was used for calculations. The 3 parameters, S, md, and σd, were obtained by fitting of the experimental data for each patient to the solution of the differential equation for L using this function. Numerical simulations demonstrated that I = 7 accurately represents the continuous distribution; simulations for I > 7 showed no significant improvements. (Use of the same approach, applied to a different problem, also suggested that I ≥ 7 is sufficient for accurate representation of the distribution; ref. 25) .
Since the administration of IL-2 disrupts the steady state, and shifts in cell number are likely the result of substantial trafficking as well as proliferation and apoptosis until the return to a steady state, our modeling focused on the percentage of labeled cells rather than the absolute number of labeled cells. Under the assumption that the IL-2-induced perturbations to steady state affect cells globally, the calculated decay kinetics would be reflective of the death rate of the labeled population of cells.
Significance levels were calculated using the 2-tailed Student's t test, nonparametric rank sum test, or signed-rank test. Two-sided P values of less than 0.05 were considered significant.
